C-S-H, the poorly crystalline calcium silicate hydrate formed in cement paste and aqueous suspension, is characterized by extensive disorder and structural variations at the nanometer scale. An analysis of new and published solubility data for C-S-H formed by different preparation methods and with a broad range of compositions illustrates a previously unrecognized family of solubility curves in the CaO-SiO 2 -H 2 O system at room temperature. As demonstrated by 29 Si magic-angle spinning (MAS) NMR data and by charge balance calculations, the observed differences in solubility arise from systematic variations in Ca/Si ratio, silicate structure, and Ca-OH content. Based on this evidence, the family of solubility curves are interpreted to represent a spectrum of metastable C-S-H phases whose structures range from purely tobermorite-like to largely jennite-like. These findings give an improved understanding of the structure of these phases and reconcile some of the discrepancies in the literature regarding the structure of C-S-H at high Ca/Si ratios.
Introduction
Calcium silicate hydrates possess a remarkable level of structural complexity. Over 30 crystalline calcium silicate hydrate phases are known, and for preparations made near room temperature, there is an indefinite range of semi-crystalline to nearly amorphous phases, all of which are described by the generic term, C-S-H † [1] ; more specific terms are used when necessary. The C-S-H formed from the hydration of tricalcium silicate (C 3 S) or b-dicalcium silicate (b-C 2 S), together constituting about 75% of a portland cement by weight, is a particularly disordered variety, usually called C-S-H gel to distinguish it from 'synthetic' ‡ preparations of C-S-H such as the reaction of CaO and SiO 2 or the double decomposition of a Ca-salt and an alkali silicate in aqueous solution. The composition of C-S-H can vary, and the dashes in the term 'C-S-H' indicate that no specific composition is implied.
The nanostructure of C-S-H is defined by its variations, and a comprehensive understanding requires an explanation of how variations of the Ca/Si ratio, the silicate structure, and the contents of Si-OH and Ca-OH are correlated. Although recent spectroscopic studies (see Section 1.3) have identified the prominent mechanisms responsible for these variations, a framework to synthesize this knowledge into a comprehensive understanding of C-S-H, particularly at high Ca/Si ratios, is lacking. New relationships reported here between solubility and structure appear to fill this void, as they show that the structural variations occur within a spectrum of related metastable phases at high Ca/Si ratios.
Brief reviews of the structure of C-S-H and of equilibria in the CaO-SiO 2 -H 2 O system at room temperature follow.
1.1. Relation to crystalline phases. Much of our knowledge of the nanostructure of C-S-H has been obtained from structural comparisons with crystalline calcium silicate hydrates, 1.4-nm tobermorite and jennite being the most appropriate models.
The structure of 1.4-nm tobermorite, Ca 5 Si 6 O 16 (OH) 2 ·8H 2 O, which has only been recently solved by single crystal diffraction methods [2] , has long been known to be based on a composite layer composed of a distorted central Ca-O sheet that is ribbed on either side with single § dreierketten [7, 8] , i.e., silicate chains that repeat at intervals of three silicate tetrahedra. Two of these tetrahedra, called paired tetrahedra, share two oxygen atoms with the central Ca-O sheet, while the third, called a bridging tetrahedron, shares only one ( Figure 1 ). The particular conformation of a dreierkette reflects the need for the silicate chain to conform to the interatomic spacings of the Ca-O sheet, which itself is dictated by the coordination requirements of the Ca cation. The interlayer spaces of 1.4-nm tobermorite contain water molecules and additional Ca cations (i.e., interlayer Ca) , which balance the negative charge of the composite layer. The Ca/Si ratio of 1.4-nm tobermorite is 0.83, but, as will be discussed, this value can easily vary in less crystalline forms. The crystal structure of jennite, Ca 9 (Si 6 O 18 )(OH) 6 ·8H 2 O, has only very recently been determined by direct methods [9] , though the Ca-O part and some other features were suggested on crystal chemical grounds in an otherwise imperfect model of the structure in 1968 [10] . As with 1.4-nm tobermorite, the structure is based on layers in which a central Ca-O sheet is flanked on both sides by rows of single dreierketten, together with interlayer Ca atoms and water molecules. An important difference between 1.4-nm tobermorite and jennite is that every other dreierkette is replaced by a row of OH groups. This substitution causes a considerable corrugation of the Ca-O layers in jennite, which have the empirical formula Ca 2 O 5 ; some of the O atoms in this layer are shared with dreierketten, the paired tetrahedra of which are inset within the corrugations, while others form parts of water molecules and OH groups. These OH groups are balanced entirely by Ca, thus creating Ca-OH bonds; unlike previously believed, there are no Si-OH bonds in well-crystallized jennite [9] . The Ca/Si ratio of jennite is 1.5, which can increase in less crystalline forms as in 1.4-nm tobermorite.
Less-crystalline phases: C-S-H(I), C-S-H(II), and C-S-H gel.
An important characteristic of the structures of 1.4-nm tobermorite and jennite is their ability to vary in composition, degree of polymerization, and extent of crystallinity while maintaining the essential features of the composite layer structure.
When CaO and SiO 2 , or an alkali silicate and a Ca-salt, or (under certain conditions) calcium silicates such as C 3 S or b-C 2 S are reacted at room temperature in dilute aqueous suspension, an imperfect version of 1.4-nm tobermorite, called C-S-H(I), generally results. X-ray diffraction (XRD) powder patterns consist largely of hk0 bands of 1.4-nm tobermorite and sometimes a broad basal reflection, all of which suggests a material having little more than two-dimensional order. C-S-H(I) can accommodate a substantial concentration of defects such as the omission of bridging tetrahedra [11] , or variations in the contents of interlayer Ca and of protons attached to Si-O - [12] . These changes allow variations in Ca/Si ratio, ranging from 0.67-1.5. Single dreierketten have been confirmed by 29 Si NMR and by trimethylsilylation (TMS), the latter showing that the removal of bridging tetrahedra fragments the infinite silicate chains into segments containing 2, 5, 8,…(3n-1) tetrahedra [13] [14] [15] . The mean chain length, measured by 29 Si NMR, increases with decreasing Ca/Si ratio, particularly below a Ca/Si ratio of 1.1-1.3 [3, 4, [16] [17] [18] [19] [20] .
In the prolonged reaction of C 3 S or b-C 2 S with excess water, several studies [21] [22] [23] have identified a unique compound called C-S-H(II). Recent attempts [3] to form C-S-H(II) have been unsuccessful, as some of the details on preparation remain obscure. Nevertheless, X-ray and electron diffraction, infrared (IR) spectroscopy, and compositional analysis suggest that C-S-H(II) is an imperfect version of jennite, much as C-S-H(I) is to 1.4-nm tobermorite [22] . The Ca/Si ratios of the C-S-H(II) preparations have had Ca/Si ratios near 2.
The reaction of C 3 S or b-C 2 S with about half their weight of water produces a hardened paste containing two products: C-S-H gel and Ca(OH) 2 
(CH). C-S-H gel is even less ordered than C-S-H(I) or C-S-H(II)
: its XRD powder pattern consists of a broad band at 0.26-0.32 nm and a sharper peak at 0.182 nm. These spacings correspond to the most prominent repeats in the Ca-O layers of both tobermorite and jennite, so it is impossible to conclude solely from XRD evidence which structure better approximates the nanostructure of C-S-H gel. Determinations of the contents of CH and of residual C 3 S [24, 25] , and microanalyses using the microprobe [26] [27] [28] or the TEM [29] [30] [31] indicate a Ca/Si ratio in C-S-H gel of 1.7-1.8. These observations, combined with other evidence from silicate structure, local variations in Ca/Si ratio, selected area electron diffraction patterns, thermogravimetric curves, and density have led to the hypothesis that C-S-H gel is initially a mixture of tobermorite-and jennite-like structures, the latter becoming increasingly dominant, and ultimately solely present, with age [32] .
Si-OH and Ca-OH in C-S-H.
Together with Ca/Si ratio and silicate structure, Si-OH and Ca-OH groups are important in determining the nanostructure of C-S-H. The variations in the contents of Si-OH and Ca-OH, discussed below, are central to variations in structure at high Ca/Si ratios, as discussed in Section 5. 17 O NMR [33] and IR [12] spectroscopy both show that the content of Si-OH in C-S-H decreases with increasing Ca/Si ratio, the latter technique showing that it goes to zero at a Ca/Si ratio of ~ 1.2-1.3.
1 H NMR studies [34, 35] are consistent with these findings as they indicate the absence of Si-OH groups in C-S-H gel of hydrated C 3 S and b-C 2 S pastes. These results suggest that with increasing Ca/Si ratio, Ca ions not only substitute for bridging tetrahedra but also for protons in Si-OH groups. These mechanisms are important for varying the Ca/Si ratio at low values. Ca-OH bonds have been detected in C-S-H above Ca/Si ratios of 1 by 17 O NMR [33] , 1 H NMR [4, 34] , IR spectroscopy [12] , and inelastic neutron scattering (INS) [36] . 29 Si NMR and charge balance considerations [3, 12] suggest that Ca-OH groups form in C-S-H at high Ca/Si ratios only after all protons in Si-OH groups have been replaced with Ca. Klur et al. [4] have further shown through dipolar 1 H- 29 Si correlation maps that the protons in the Ca-OH groups are within ~ 5 Å from Si atoms, thus confirming that the Ca-OH sites are in C-S-H rather than in small regions of amorphous CH undetectable by X-rays. A recent INS study [36] showed that 23% of the Ca in C-S-H gel of a 8-month hydrated C 3 S paste was balanced by OH; assuming that these Ca-OH bonds occur in the main Ca-O layer (see below), this high value, which is close to the 33% value for jennite, was considered circumstantial evidence that C-S-H gel resembles a jennite-like C-S-H at late times. Upon decalcification of the C 3 S paste, the Ca-OH content decreased linearly with decreasing Ca/Si ratio, until reaching a negligible value at Ca/Si ~ 1 [36] .
Location of Ca-OH bonds.-Ca-OH bonds can occur either in the main Ca-O layer, at interlayer sites, or at surface sites, and current evidence cannot unambiguously determine the preferred site in C-S-H. However, it appears unlikely that the primary sites for Ca-OH are at surfaces (where bond valences are unsatisfied), since this would imply that the Ca-OH content scales with the surface area of C-S-H; this does not agree with water adsorption [37, 38] and recent small-angle neutron scattering (SANS) [39] studies showing that the greatest specific surface area in C-S-H occurs at low Ca/Si ratios (i.e., near 1), where charge balance [3, 12] and INS [36] data show the lowest Ca-OH content. The evidence between interlayer and main layer Ca-OH sites is less clear, but the latter appears more likely since nearly all Ca-OH bonds in 1.4-nm tobermorite [2] and jennite [9] are from main layer Ca. Assuming this is true in C-S-H, the Ca-OH in the main layer can occur randomly (as in a solid solution) or in a more organized fashion as in jennite (at least in small regions); however, when the Ca-OH content is high (as in C-S-H gel), it would seem more likely that a jennite-like structure would eventually result due to a driving force to organize into a more (locally) ordered structure.
2. Equilibria in the CaO-SiO 2 -H 2 O system at room temperature 2.1. Comments on thermodynamic equilibrium. Equilibria in the CaO-SiO 2 -H 2 O system gives insight into the structure of C-S-H since the solubility of Ca and Si in a contacting aqueous phase must be tied thermodynamically (via chemical potentials) to the underlying structure of the solid. However, as might be expected from a solid with such an impressive variability in composition and structure, thermodynamic and kinetic ambiguities abound in any equilibrium associated with C-S-H. Several important issues are discussed below.
According to the Gibbs phase rule, when the 3-component CaO-SiO 2 -H 2 O system has a solid (C-S-H) and liquid (aqueous solution) phase in equilibrium at fixed temperature and pressure, there is only one degree of freedom, a mole fraction in either phase. Thus, when altering the Ca concentration in aqueous solution (the most easily adjustable parameter), the Si concentration of the same aqueous phase and the Ca and Si concentrations in the solid (i.e., the solid Ca/Si ratio) adjust accordingly until the chemical potentials of the components in both phases are equal (i.e., . This process reduces the system's Gibbs free energy to a global minimum if a true equilibrium is established, but in many real systems (with kinetic or energetic barriers), only a local minimum is achieved, thereby restricting the equilibrium to a metastable state. The ill-crystallized C-S-H phases that form at room temperature and ordinary pressure (e.g., C-S-H(I), C-S-H gel) are good examples of metastable phases, since they persist indefinitely although crystalline calcium silicate hydrates such as afwillite [40, 41] and presumably tobermorite and jennite have a lower free energy. The equilibrium between C-S-H and an aqueous phase discussed herein is thus strictly a metastable equilibrium.
It is inevitably uncertain whether solubility data for C-S-H represent true equilibrium concentrations; the incongruent dissolution and the metastability of C-S-H further contributes to the ambiguity. In fact, there is no experimental measurement that can conclusively confirm the attainment of equilibrium. Even the occurrence of apparent steady-state concentrations is insufficient evidence for thermodynamic equilibrium due to the possibility that the concentrations are being dictated by kinetics (i.e., diffusion) rather than thermodynamics. A more rigorous (although still fallible) approach is to ensure that the same solubility is obtained from the decalcification of a high Ca/Si ratio solid and the recalcification of a low Ca/Si ratio solid †. If agreement is found, there is some assurance that the equilibrium is at least locally stable to small perturbations in composition, thus suggesting a metastable equilibrium. The terms decalcification and recalcification implicitly reflect the fact that, except for Ca/Si ratios between 0.7-0.8 where the dissolution is congruent [42, 43] , the transfer of mass between solid and aqueous solution is almost entirely of CaO, especially at high solid Ca/Si ratios, where the dissolution is most strongly incongruent.
It is important to note that the stability of this metastable equilibrium is only explicitly illustrated for the duration of a solubility experiment, typically several weeks to several months. After this period, perhaps after several years, the equilibrium position of this system could very well shift to an alternative metastable state of lower free energy due to structural changes in C-S-H that accompany aging [44] . In fact, a series of such metastable states is thermodynamically possible, and the results presented here will provide more explicit boundaries.
Previous solubility relations.
Since Le Chatlier's classic studies on C-S-H in the 1880s [45] , there have been numerous investigations on the equilibria in the CaO-SiO 2 -H 2 O system at room temperature. As Steinour noted in a 1947 review [46] , it was evident that variations in solubility were present, but there was insufficient evidence and structural knowledge to determine if the variations were due to non-equilibrium conditions or differences in C-S-H structure.
In a later analysis of the data, Jennings [47] plotted the published solubility data available up to 1986 as Ca versus Si concentration. Since the Gibbs phase rule predicts a single degree of freedom when a solid phase is in equilibrium with an aqueous phase at fixed temperature and pressure (Section 2.1), plotting in this way should produce a smooth curve (i.e., the Ca and Si concentrations are linked). The analysis, in fact, identified two such solubility curves of differing Si concentration. The curve lower in Si concentration, curve A, was considered to be the metastable solubility curve for C-S-H(I). This conclusion was reached from XRD powder evidence and from the fact that most of the points on the curve were obtained from synthetic preparations made from CaO and SiO 2 or from the double decomposition of sodium silicate with a Ca-salt in aqueous suspension. The curve with higher Si concentrations, curve B, was obtained solely from experiments conducted during the first several hours of C 3 S hydration. Thermodynamic considerations [48] excluded the possibility that curve B represented a metastable solubility curve for C 3 S. It was thus presumed that curve B represented a metastable solubility curve for the initial product formed as a layer on the C 3 S surface. † If viewed from the perspective of the liquid phase, this statement is equivalent to ensuring that the same solubility is obtained commencing from undersaturation and supersaturation with respect to C-S-H of a given Ca/Si ratio.
Although other interpretations of curve B have been offered [49] , the product associated with this curve is not C-S-H(II), as was originally speculated [47] (but not firmly concluded), and may not even be C-S-H per se, that is, a structure based on composite layers of Ca-O and dreierketten. 29 Si cross polarization (CP) NMR studies [50] show that the silicate anions are monomeric during the induction period, which suggests the presence of a superficially hydroxylated surface on C 3 S [51].
Unsettled issues.
Despite the numerous investigations on the CaO-SiO 2 -H 2 O system at room temperature, important questions concerned with the equilibria of C-S-H remain unsettled. For example, most studies on hydrated C 3 S (or b-C 2 S) have measured solubility either at early ages or in dilute suspensions. It is generally assumed that the equilibrium of fully reacted C 3 S paste and aqueous solution will occur at the intersection of the solubility curve of CH and curve A (i.e., the solubility curve of C-S-H(I)), although it is known that the C-S-H gel produced in C 3 S pastes is generally less crystalline and has a higher maximum Ca/Si ratio of ~ 1.8. Moreover, the data from the only known study [52] to report both Ca and Si concentrations in solutions equilibrated with mature C 3 S pastes do not show agreement with either curve A or B, and, in fact, points appear erratically scattered between the two curves, where it was originally believed that data (except for those from hydrating b-C 2 S) arose from kinetic factors.
The maximum Ca/Si ratio in C-S-H occurs when it is in equilibrium with an aqueous solution saturated with respect to CH (i.e., portlandite). However, reported values vary considerably, ranging from as low as 1.3 to as high as 2, those between 1.5 and 1.7-1.8 generally considered the most probably correct. Nonat and Lecoq [53] have attributed the higher values to a phase change in C-S-H at 20 mM Ca. However, other than this suggestion or the possibility of non-equilibrium conditions [46] , no explanation for the variability in Ca/Si ratios at saturation in CH has been proposed.
There are no reported solubility data for jennite, C-S-H(II), or jennite-like C-S-H. One could speculate that the scatter on curve A at high Ca concentration is due to jennite-like conformations, but without supporting evidence this suggestion cannot be made with confidence.
2.4. Current study. Given the uncertainties in the equilibria associated with C-S-H, it appeared worthwhile to carefully analyze and contrast specimens derived from two distinct C-S-H preparations. One series was obtained from a nearly fully hydrated, hardened C 3 S paste, the other from the double decomposition of Ca(NO 3 ) 2 and Na 2 SiO 3 . Solubility measurements, which were obtained from the decalcification of high Ca/Si ratio solids and from the recalcification of low Ca/Si solids, illustrate a family of solubility curves at high Ca concentration. 29 Si NMR and charge balance calculations show that these variations in solubility reflect systematic variations in Ca/Si ratio, silicate structure, and Ca-OH content. These findings have made it possible to more fully address existing uncertainties about the structure of C-S-H at high Ca/Si ratios.
Experimental

Preparative methods.
Tricalcium silicate pastes.-C 3 S was prepared by firing a stoichiometric mixture of reagent grade CaCO 3 and high-purity silica gel (EM Reagents, HF-254 for TLC; 0.02% Cl, 0.02% Fe) at temperatures slightly exceeding 1420 ºC. As determined by XRD, complete reaction was obtained after three firings, each lasting at least 30 minutes. Prior to the second and third firings, samples were quickly cooled to room temperature, ground into a powder, and then pressed into discs to enhance homogeneity. The final product was passed through a 45-mm sieve.
Hydrated C 3 S pastes were prepared with deionized water at a water-to-solids ratio of 0.50. Samples were mixed by hand and cast in cylindrical polystyrene vials measuring 25 mm in diameter and 50 mm in height. After 3 days, the hardened pastes were demolded and stored in saturated solutions of CH in sealed polyethylene containers. Pastes were hydrated for approximately 8 months at 22 ± 1°C. Only trace amounts of anhydrous C 3 S could be detected by XRD in the hydrated pastes, and the quantity of nonevaporable water retained after drying to the vapor pressure of water at 194 K (i.e., D-drying [54] ) suggested that the pastes were over 95% hydrated. Solids derived from the C 3 S pastes will be described as belonging to the C 3 S group.
Double decomposition of calcium nitrate with sodium silicate.-A 0.050-mole quantity of reagent grade Na 2 SiO 3 ⋅5H 2 O was dissolved in 125 mL of carbon dioxide-free deionized water to which was added 0.075 moles of reagent grade Ca(NO 3 )⋅4H 2 O that was dissolved in 75 mL of carbon dioxide-free deionized water. Stirring was continued for one hour in a tightly sealed plastic container filled with nitrogen gas. The C-S-H precipitate was then washed with 2 L of a 20 mM CH solution on a Buchner funnel under a continuous stream of nitrogen. After the wash solution had passed through the solid, the sample was flushed with nitrogen and tightly sealed in a plastic container. The C-S-H precipitate had a Ca/Si ratio of 1.40 with only trace amounts of residual alkali detectable by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Solids derived from this preparation will be described as belonging to the double decomposition group.
Decalcification by concentrated ammonium nitrate solutions.-To facilitate determinations of the solubility of C-S-H at low Ca/Si ratios, several of the samples in both groups were decalcified in 6 M ammonium nitrate (NH 4 NO 3 ) solutions [55] [56] [57] prior to determinations of solubility. This technique results in a pure decalcification of cement pastes (i.e., there is negligible loss of Si) and has been suggested as a preparation route for single-phase C-S-H samples from C 3 S pastes [57] .
A C 3 S paste was decalcified by immersing one 0.8-mm thick disc in a stirred 100-mL solution of 6 M NH 4 NO 3 . Based on the weight of dry solid, the solution:solid weight ratio was ~ 200. The weight of the sample (measured in the saturated surface dry state) was monitored during leaching; using predetermined relationships between bulk Ca/Si ratio and weight loss [57] , the sample was removed from the NH 4 NO 3 solution at a target weight loss and immediately immersed in ~ 50 mL of deionized water to remove the residual NH 4 NO 3 solution. As confirmed by pore fluid exchange calculations [58] , approximately 10-15 min of gentle stirring in deionized water was sufficient for complete replacement of the heavier NH 4 NO 3 solution (r ~ 1.13 g cm -3 ) by water. A series of decalcified C 3 S pastes with bulk Ca/Si ratios of 0.11-2.04 were prepared in this way (Series 2, Table 1 ). Although gradients in composition were detected (e.g., a decalcified disc with a bulk Ca/Si = 0.83 had 75% of its volume within 5% of the measured bulk composition [57] ), the gradients are largely eliminated after exposing the solid to CH solution [57] ; this recalcification procedure (section 3.2) will be exploited here to enhance homogeneity of the solids.
A single batch of C-S-H prepared by double decomposition was shaken in 6 M NH 4 NO 3 solution for 5 min, rinsed for 10 min in deionized water, and then filtered on a Buchner funnel under a nitrogen stream. The Ca/Si ratio of the resulting leached solid was 0.55; XRD showed the presence of amorphous silica and C-S-H.
Solubility measurements.
The analytical concentrations of Ca and Si in equilibrium with solids of the C 3 S and double decomposition groups were determined at 22 ± 1 ºC. In all experiments, a given amount of solid, ranging from 0.01-0.8 g, was equilibrated in 25 mL of deionized water or CH solution; the corresponding solution:solid ratios ranged from ~ 4000 to 50. To minimize carbonation, samples were crushed under nitrogen, the deionized water was freshly boiled, and the CaO used in the CH solutions was prepared from freshly decomposed reagent grade CaCO 3 . Samples were continuously tumbled end-overend in 30-mL Nalgene centrifuge vials that were sealed with screw caps, fitted with rubber gaskets. After a shaking period lasting up to 6 weeks (see below), the solutions were filtered under flowing nitrogen through 0.2-mm filters; the resulting filtrates were immediately acidified with HCl and then measured for Ca, Si, and (in some samples) Na by ICP-AES.
Equilibration periods for the C 3 S group ranged from 2-6 weeks (with an average of 4) while those for the double decomposition group ranged from 3 days-6 weeks (with an average of 2 weeks). Solubility values were generally in agreement within each group, but in the few cases where divergent results were obtained, continued shaking of the experiment nearly always produced results in agreement with the rest of the group. While this process only yields circumstantial evidence that a steady state was achieved, it was preferred to collecting intermittent measurements on the same sample, which would have increased the likelihood for carbonation.
The C 3 S group (Series 1, 2, and 3 * ) and the double decomposition group (Series 4, 5 * , and 6 * ) each contained 3 different series (see Table 1 ). These series are divided into those in which equilibrium was approached through the decalcification of a high Ca/Si solid (Series 1, 2, and 4) and those in which equilibrium was approached through the recalcification of a low Ca/Si ratio solid (Series 3 * , 5 * , and 6 * );
the asterisks in the latter group are used to distinguish the two routes to equilibrium. Decalcified samples were either leached (and equilibrated) in water or were leached in 6 M NH 4 NO 3 solution, rinsed, and then equilibrated in water. Recalcified samples were water-or NH 4 NO 3 -leached solids that were equilibrated in CH solution, the initial concentration of which depended on the target Ca/Si ratio of the solid; for example, in some cases where the target Ca/Si ratio was high, the solid was initially exposed to a supersaturated solution of CH. The CaO used to prepare the CH solutions was passed through a 75-mm mesh sieve before adding to decarbonated, deionized water. Further details on the recalcification procedure can be found elsewhere [57] . For most determinations of Ca/Si ratio, the solid was decomposed with LiBO 3 at 1000 ºC to form a glass soluble in weakly acidic solution, which was then analyzed for Ca and Si by ICP-AES [59] . In the several cases where the Ca/Si ratio was not directly determined, values were calculated from differences in the initial and final concentrations of Ca and Si in solution; measured and calculated values of Ca/Si ratio generally agreed to within 2%.
The pH values were determined on unfiltered portions of the equilibrated solution using a glass electrode.
29 Si magic-angle spinning (MAS) NMR. The 29
Si MAS NMR spectra were collected on a Varian VXR300 (7 T) spectrometer operating with a magnetic field of 59.578 MHz and a spinning rate of 4 kHz. A 5-mm zirconia rotor with Aurum caps was used for all experiments. Samples were collected for 800 scans, each consisting of a single pulse of width 4.7 ms followed by a delay of 10 s. Longer delay times of up to 100 s were also tried, but the improvements in the quality of the scans were considered insufficient to warrant the longer collection times. Chemical shifts are reported relative to tetramethylsilane (TMS), using tetrakis(trimethylsilyl)silane, Si(Si(CH 3 ) 3 ) 4 , as an external standard.
Relative intensities of the Q i 29
Si peaks were measured through deconvolutions of the spectra by commercial NMR spectroscopy analysis software. It is easily shown that, if C-S-H contains no Q 3 , the mean chain length is given by 2(1+Q 2 /Q 1 ). As will be discussed, the shoulder at -83 ppm on the Q 2 peak was assigned as an integral part of the main Q 2 peak at -85 ppm.
The samples in series N (Table 2 ) consisted of C 3 S pastes decalcified in NH 4 NO 3 solutions; these samples were rinsed in deionized water, lightly crushed, and briefly dried under nitrogen before analysis by 29 Si NMR. Several samples from Series 3 * of the C 3 S group (see Table 1 ) were also analyzed. Samples in the double decomposition group were selected from Series 4, 5 * , and 6 * ( Table 1) . The higher water contents of these samples necessitated preliminary drying for approximately 20 min under the vacuum of a rotary pump. This procedure was necessary to prevent sticking and subsequent spinning problems in the rotor. 3.4. XRD. XRD powder scans of several samples collected from the solubility experiments were acquired with a Rigaku X-ray diffractometer with CuKa radiation operating at 40 kV and 20 mA. Scans were collected at 0.75º 2q·min -1 over the range 5°-60° 2q.
Results and Discussion
A summary of the phase equilibrium results for the C 3 S and double decomposition groups is given in Tables 2 and 3 , respectively.
4.1. Solubility. Figure 2 shows the Ca and Si concentrations in aqueous solution after shaking with samples of the C 3 S and double decomposition groups for generally 4 and 2 weeks, respectively; shaking for 6 weeks produced results in agreement with those shown, suggesting that at least a near steady-state had been achieved. Moreover, the concentrations in both groups were obtained from the decalcification of a high Ca/Si ratio solid and the recalcification of a low Ca/Si ratio solid. With the thermodynamic considerations discussed in Section 2.1, the agreement from both directions suggests the occurrence of a metastable equilibrium between C-S-H and aqueous solution. Figure 2 shows that the equilibrium concentrations for both groups of preparations lie near curve A (i.e., the solubility curve for C-S-H(I)) at low Ca concentrations, but depart from it at high concentrations onto two apparently parallel solubility curves. The concentrations for the C 3 S group fall on the curve higher in Si concentration, curve C, which departs from curve A when the Ca concentration is ~ 4 mM Ca and when the Ca/Si ratio of the solid is ~ 1.2; at CH saturation, an essentially unleached C 3 S paste (with Ca/Si = 3.00) equilibrated at the intersection of the CH solubility curve and curve C, not curve A as is generally presumed. The concentrations of the double decomposition group make a similar departure from curve A onto C'', but at a slightly higher Ca concentration and Ca/Si ratio of ~ 8 mM Ca and 1.3, respectively.
As discussed in Section 5, it is believed that the departures from curve A onto C or C" are caused by the introduction of Ca-OH groups into C-S-H. It will be further argued that that these changes in solubility signify a departure from a purely tobermorite-like structure, represented by curve A, to structures that include jennite-like characteristics in C, and to a lesser extent in C".
Contamination.-Although the higher than expected Si concentrations on curves C or C" could be construed as a result of systemic bias introduced by contamination, it does not appear likely. The sources of CaO and SiO 2 used to synthesize the C 3 S were from essentially pure reagents, and utmost care was taken during all stages of the solubility experiments to minimize carbonation. Moreover, the agreement shown by recalcified C-S-H solids that were leached in NH 4 NO 3 (Series 5 * ) or in water (Series 6 * ) suggests an insignificant contamination by NH 4 + and NO 3 -ions.
The most probable source of contamination would be from residual Na in samples of the double decomposition group. However, in the several samples examined, solution concentrations were generally less than 0.02 mM Na, and the Na/Si ratio of the solids were ~ 0.01, near the detection limit of ICP-AES. Contamination was thus insignificant. Moreover, the trends in Figure 2 show that, at a given Ca/Si ratio, samples of the double decomposition group have higher Ca and lower Si concentrations in the aqueous phase than those of the C 3 S group. If contamination by alkali were the cause of the differences between the two groups, these trends would be reversed [60, 61] .
Effect of particle size.
-It also appears unlikely that the variations in solubility in Figure 2 are due to variations in particle size. Recent small-angle neutron scattering (SANS) results [62] show that the specific surface areas of decalcified/recalcfied C-S-H solids produced from C 3 S pastes and from double decomposition all follow the same inverse, linear relationship between Ca/Si ratio and specific surface area; the particle sizes of solids equilibrated on C and C" are thus similar. Comparable specific surface areas have also been found between ill-crystallized C-S-H solids prepared from suspensions of CaO and SiO 2 and from C 3 S and b-C 2 S pastes [23] .
Stability.-The C-S-H phases represented by curves C and C" appear to be relatively stable to large fluctuations in composition. For example, the same invariant point (i.e., the 3-phase equilibrium between aqueous solution, C-S-H and CH) was reached at [Ca] = 20.6 mM, [Si] = 42 mM when equilibrating a C 3 S paste specimen before leaching (sample 1a) and after the combined process of decalcification to Ca/Si = 1.09 and recalcification to Ca/Si = 1.87 (sample 3g * ); the Ca/Si ratio of 1.09 corresponds to C-S-H equilibrated on curve A. The reattainment of the invariant point after such a large fluctuation in composition suggests that the C-S-H associated with curve C is a relatively stable (but still metastable) phase at least on a time scale of several weeks (the duration of a typical experiment); if this were not true, that is, if the C-S-H phase on curve C were truly unstable, then the decalcification/recalcification procedure as experienced by sample 3g * would be expected to produce a phase of lower free energy, and hence, of different solubility. A similar argument can be given for solids of the double decomposition group that equilibrate reversibly on curve C". It thus appears justified in referring to the C-S-H solids equilibrated on curves C and C" as metastable phases. In ensuing sections, it is also shown that the structures of the phases at a given composition are different, thereby further illustrating that these phases are distinct. Figure 3 plots the Ca concentration in aqueous solution versus the Ca/Si ratio of the solid with which it is in equilibrium. Of central interest here is the two-phase C-S-H/aqueous solution region between ~ 1.2 to 20.6 mM Ca. The Ca/Si ratios of the C 3 S and the double decomposition groups both increase with Ca concentration, as expected, but two different curves are suggested from the data. Ignoring samples 1c-1g (which are only believed to be in partial equilibrium as discussed below), the Ca/Si ratios of the C 3 S group follow the upper curve, which leads to maximum Ca/Si ratio of ~ 1.8 at CH saturation; this value agrees with EDX [26] [27] [28] [29] [30] [31] and indirect [24, 25] measurements on C 3 S pastes. The Ca/Si ratios of the double decomposition group follow the lower curve, which leads to a maximum Ca/Si ratio of ~ 1.5; this value agrees with other equilibrium studies using double decomposition (Section 5.4). As discussed in Section 5.4, the discrepancy between the 1.5 and 1.8 values appears to be associated with variations in Ca-OH content in C-S-H.
Ca concentration versus Ca/Si of the solid.
Homogeneity.-Under ideal equilibrium conditions, the dissolution of a C 3 S paste in water will entirely remove CH before C-S-H begins to decalcify. However, dissolution proceeds by the propagation of a reactive front [55] , so in samples of finite thickness, the C-S-H at the surface of the specimen will inevitably decalcify before CH in the inner regions of the body have been accessed. Since XRD data (Section 4.3) showed that samples 1c-1g contained CH, the above reasoning explains the higher than expected Ca/Si ratios for samples 1c-1g (dashed circles in Figure 3) ; these values were thus excluded from the trend line drawn for the C 3 S group in Figure 3 . The solubility of samples 1c-1g, however, may still reflect a partial equilibrium condition as discussed below.
An important phenomenon exploited here is the finding [57] that the compositional gradients induced by leaching are largely eliminated after recalcification in CH solution; this is illustrated in the EDX results of Figure 4 , which shows a fairly constant Ca/Si ratio across the 0.8-mm thickness of a paste that had been recalcified from a bulk Ca/Si of 0.83 to a value of 1.31. The compositional homogeneity of recalcified solids suggested by this result indicates that the entirety of a recalcified specimen ultimately reaches equilibrium with aqueous solution; this, in turn, supports the validity of curves C and C", since they were mainly established from recalcification experiments. That the Ca and Si concentrations in solution of samples 1c-1g of the C 3 S group agree with those of recalcified samples (Series 3 * ) appears to suggest that the surface regions of the leached particles were in equilibrium, while the inner regions containing CH were not. This inhomogeneity could possibly have been eliminated or reduced by finer grinding. Figure 5 shows selected powder XRD scans from the C 3 S and double decomposition group. The results indicate a fairly low degree of order in all samples, as the only relatively sharp peaks are those at 0.304, 0.279 and 0.182 nm. Since all forms of C-S-H that are sufficiently crystalline give peaks in these regions, they are of no diagnostic value to determine the structural likeness of C-S-H to 1.4-nm tobermorite or jennite. No clear indications of basal reflections were observed, suggesting little more than two-dimensional order. Except for the removal of CH from C 3 S pastes, the weak peak at 0.166 nm (prominent at lower Ca/Si ratios), and the presence of silica gel (marked by a broad band at 22.5º 2q) at Ca/Si ratios less than about 0.6-0.7, there does not appear to be a significant change in the XRD patterns with preparation or Ca/Si ratio. Differences in crystallinity thus cannot solely account for the variations in solubility ( Figure 2 ) and Ca/Si ratio (Figure 3) . observed in sample N5 (Ca/Si = 0.17) can be assigned to silica gel, in agreement with the XRD evidence. The lack of detectable amounts of Q 0 in the samples prepared from C 3 S is a good indication that these samples were nearly fully reacted. In some of the spectra, the Q 2 peak has a shoulder near -83 ppm. This shoulder has been observed by a number of investigators [3, 4, 19, 31, [64] [65] [66] [67] , but its assignment is still uncertain. It is generally assumed that the shoulder is produced by a subset of the Q 2 Si, and it is likely to represent at least some of those present as bridging tetrahedra [4, 67] . The current results are consistent with (but not proof of) this last hypothesis, as the shoulder becomes increasingly prominent as the Ca/Si ratio decreases. Distinctions between different types of Q 2 sites, however, are not relevant in the present context, and for the purposes of calculating the mean chain length, it is assumed that the shoulder is an integral part of the main Q 2 peak near -85 ppm.
XRD.
29 Si NMR.
Mean silicate chain length.- Figure 7 shows the mean silicate chain lengths for the C 3 S and double decomposition groups plotted as a function of Ca/Si ratio. In both cases, the mean chain length increases with decreasing Ca/Si ratio, in agreement with previous 29 Si NMR studies [3, 4, [16] [17] [18] [19] [20] . However, for Ca/Si ratios above 1, there is a small but significant difference between the two preparations, as the mean chain lengths of the samples from the C 3 S group are consistently higher than those from the double decomposition group. This finding, central to the hypothesis presented in Sections 5.2 and 5.3, indicates that variations in mean chain length in C-S-H are possible for a given Ca/Si ratio.
Indirect evidence for Ca-OH in C-S-H.-As also noted in C-S-H of other studies [3, 12, 19] , the mean silicate chain lengths of samples from the C 3 S and double decomposition groups show relatively little change above Ca/Si ratios of 1.2-1.3. The constancy of the mean chain length has been interpreted by Yu et al. [12] as evidence that the predominant cause of variation in Ca/Si ratios above ~ 1.3 is the chargebalancing substitution of OH for entire silicate chain segments; this substitution creates Ca-OH groups (i.e., Ca balanced by OH but not by Si anions), which the authors equated with the formation of jennite or jennite-like environments in C-S-H. Below Ca/Si ratios of ~ 1.3, they considered the dominant structural mechanism for increasing Ca/Si ratio was depolymerization of silicate chains due to the substitution of interlayer calcium (i.e., Ca balanced by Si anions) for bridging tetrahedra and protons on Si-OH.
Since the points of intersection of curve A with curves C and C" occur near 1.2 and 1.3, respectively, the above interpretations suggest a connection between silicate polymerization and solubility. The hypothesis, developed in Sections 5.2 and 5.3, is that the point at which the concentrations depart from A onto C or C" marks the point where a shift in the mode of silicate polymerization and in the mode of Ca incorporation in C-S-H occurs. Curve A is believed to represent C-S-H solids in which the mean chain length varies from changes in the content of interlayer Ca, while curves C and C" represent C-S-H solids in which the mean chain length remains constant as changes in the content of Ca-OH occur.
Reversibility of silicate polymerization.- Figure 7 shows that there is agreement in mean chain length for solids approaching equilibrium through the decalcification of a high Ca/Si ratio solid and through the recalcification of a low Ca/Si ratio solid; the process of silicate polymerization in C-S-H is thus reversible. This finding emphasizes the predominant role Ca cations have on the configuration of the silicate anions in C-S-H. In fact, the predominant role of the cation in any silicate structure is a wellestablished phenomenon [68, 69] . For example, if a small cation such as Mg 2+ is the sole metal cation, or at least the one that is the more important in determining the silicate structure, configurations based on zweierketten (i.e., silicate chains with a 2-unit repeat) can form. However, when the larger Ca 2+ is the determining cation, as is the case in C-S-H, quite different silicate structures are produced, some of which are based on dreierketten (e.g., tobermorite, wollastonite, xonolite).
Changes in chemical shift of Q 1 and Q 2 Si sites.-As seen in Figure 8 for samples of the C 3 S group, the chemical shifts of the Q 1 and Q 2 Si sites shift to increasingly negative (i.e., upfield) values as the Ca/Si ratio of C-S-H decreases. This trend was also seen in the samples of the double decomposition group, although with slightly more scatter. Other 29 Si NMR data [4,70,71] on C-S-H preparations from lime and silica show the same trend, but it was only noted by Klur et al. [4] . These observations suggest a systematic change with Ca/Si ratio in the local structural environment of Si in C-S-H. More research is required to explain this structural change.
4.5. Ca/Si of the solid versus pH. Figure 9 shows the measured (points) and computed (lines) pH values of the aqueous solution plotted versus the Ca/Si ratio of the solid with which the solution is in equilibrium. Computed pH values were calculated by balancing the charge of the aqueous species (e.g., CaOH + , H 2 SiO 4 2-), the distribution of which was calculated from the measured Ca and Si concentrations using a geochemical modeling program, PHREEQC [72] ; the Debye-Huckel or the Davies equation was used to account for non-ideal behavior, and the ionic association constants used here are listed elsewhere [73] . For the pH values above 11.5 (the range with which we are most concerned), all values (except for several belonging to group 4) were generally within ± 0.05 of the computed values, thereby giving a selfconsistent check for the analyses of the solutions. The outlying values associated with samples 4c * , 4d, 4e, 4g, and 4i of the double decomposition group (Table 3 ) appear to be due to a systematic error since all are consistently below the computed value by ~ 0.25. The computed curves in Figure 9 expect that, at a given Ca/Si ratio above ~ 1.3, the pH associated with solids equilibrated on curve C" (double decomposition) are higher than those on curve C (C 3 S paste). Although there is uncertainty regarding several of the values of the double decomposition group as noted above, this conclusion is supported by samples 4a * and 6a * of the double decomposition group, which
show the highest pH values in for Ca/Si ratios between 1.3-1.5. Together with the differences illustrated in solubility, Ca/Si ratio, and mean chain length, the difference in pH at a given Ca/Si ratio between solids of the C 3 S and double decomposition groups is further evidence that these solids have distinct structures.
Relationships between solubility and structure
Published solubility.
The validity of curves C and C" is supported by their reversibility; that is, except in the few cases where only partial equilibrium was achieved, the same solubility, solid Ca/Si ratio, and mean silicate chain length were obtained when approaching equilibrium from the decalcification of a high Ca/Si ratio solid and from the recalcification of a low Ca/Si ratio solid. Since the C-S-H solids that equilibrate on these curves have different structures at a given Ca/Si ratio, and since neither solid readily transforms into the other (at least on a time scale of several weeks to probably several months), these findings suggest that the C-S-H solids associated with curves C and C" are distinct metastable phases. As signified by its association with a curve (rather than, for example, a point), each of these phases at equilibrium has one degree of freedom in composition (Section 2.1). Since other metastable phases and thus additional solubility curves would be reasonably expected from a material such as C-S-H, a reevaluation of the published solubility data in the CaO-SiO 2 -H 2 O system at room temperature was undertaken. Figure 10 plots the published data from several well-known investigations, most of which were selected for the completeness of their data sets. Some of the points at high Ca concentrations were not plotted in an earlier depiction [47] of the solubility phase diagram either because data were considered erratic (such as those of Kalousek [74] ) or were difficult to obtain, since they were plotted rather than tabulated [21, 75] ; for the latter cases, "new" data points shown in Figure 10 were obtained from image analysis of digitally scanned figures. These points support curves C and C" and provide evidence for at least one other curve, curve C', which is situated between them. The Ca/Si ratios of the solids equilibrated at, or nearest to, the intersections of curves C, C', and C" with curve A and with the solubility curve of CH are also noted on Figure 10 . Since it is probable that additional curves exist (although not likely outside the boundaries of those drawn; see Section 5.3), the labeling scheme used here is solely for the purposes of identification; an alternative nomenclature may therefore be necessary when a more complete data set is obtained. Relevant details for individual data sets in Figure 10 are given below.
Curve C.-This is drawn from the data of the present investigation (mature C 3 S paste, 22 °C) and from nearly all of those obtained by Kalousek [74] (lime-silica, 25 °C). Two points from the latter study [74] , at 4.2 and 5.8 mM Ca, appear inconsistent with the rest, since they lie on curve A rather than C. Samples 21, 23, and 26 in the same study [74] were excluded because they gave points lying substantially above curve B. One data point out of the four obtained by Greenberg and Chang [52] for mature C 3 S paste at 25°C also lies on this curve. C-S-H equilibrated at the intersection of curve C with A occurs at a Ca/Si ratio near 1.2.
Curve C'.-This is drawn from the data of Flint and Wells [75] (lime-silica, 30 °C). The nearest point to the intersection with A is associated with C-S-H of Ca/Si equal to 1.25.
Curve C".-This is drawn from the data of Greenberg and Chang [52] (lime-silica, prepared at 50 °C, equilibrated at 25 °C) and that of Roller and Ervin [76] (double decomposition, 30 °C). The remaining 3 points from Greenberg and Chang [52] for mature C 3 S paste lie on curve C" or between it and curve A. C-S-H samples equilibrated at the intersection of curve C" with A have Ca/Si ratios near 1.3.
Curve A.-This is drawn from the data of Brown et al. [77] (C 3 S, 24 ºC), Taylor [21] (double decomposition, lime-silica, 17 ºC), and Fujii and Kondo [78] (double decomposition, prepared at 20 °C, equilibrated at 30 °C). In the data of Brown et al. [77] , C 3 S was hydrated using water:solid ratios of 0.7-20, and ages of 30 s-4 h. With increasing age in this range, the concentrations moved along curve A from low Ca concentration to supersaturation in CH at ~30 mM Ca, and then back to saturation at ~21 mM Ca † . The data from Fujii and Kondo [78] were taken from the authors' Figure 2 rather than from the values listed in their table on p. 649 of ref. [78] or in Table II of ref. [80] , since these tabulated values were based on a thermodynamic fit, which gives misleadingly high Ca/Si ratios for C-S-H. Ca/Si ratios of C-S-H samples equilibrated at the intersection of curve A with the solubility curve for CH are near 1.5.
Other possible curves.-The data of Grutzeck et al. [17] (lime-silica, 25 °C) suggest the possibility of a curve higher in Si concentrations than curve C, but data at high Ca concentrations are absent; the intersection of this curve with A occurs at a Ca/Si ratio near 1.
Interpretations.-Although more curves may be present, Figure 10 suggests the existence of a family of well-defined solubility curves at high Ca concentrations; C-S-H thus does not solely equilibrate with aqueous solution on or near curve A as is generally assumed. Although there is some consistency in the equilibria of products from double decomposition (which tend to follow either curve A or C"), as a whole, the variations in solubility do not appear to be unambiguously related to processing variables such as temperature, starting materials, and aging time. Nevertheless, in light of the structural differences illustrated in the C-S-H solids equilibrated on curves C and C", it is hypothesized that the C-S-H associated with each curve in Figure 10 represents a distinct metastable phase of unique structure. Indeed, the parallel nature of the curves C, C', and C" seems to suggest that the variations in solubility result from some variable structural feature of C-S-H. In ensuing sections, it will be argued that curves C, C', and C" arise from the variations in the content of Ca-OH in C-S-H.
Modification of Curve B at high Ca concentration.-The establishment of curve C suggested that the published solubility data during the hydration of C 3 S clustered near 20 mM Ca should be assigned to curve C rather than to curve B as originally drawn [47] . Curve B was thus redrawn while incorporating data from studies [75, 81, 82] that report solubilities in the region supersaturated with respect to CH; these data are represented as filled symbols in Figure 10 .
Modification of the CH solubility curve.-Since the results of this study and of those represented in Figure 10 suggest that C-S-H is in equilibrium with CH at ~ 20.6 mM Ca (i.e., the solubility of pure CH at 22-24 °C [83, 84] ), the solubility curve for CH, which originally curved to higher Ca concentrations with increasing Si concentrations, was redrawn as shown in Figure 10 . Figure 10 shows that the most significant variations in solubility of metastable C-S-H phases occur at Ca/Si ratios above ~ 1. Since solubility and structure are coupled, the problem in rationalizing the variations in solubility reduces to explaining how the structure of C-S-H can vary at high Ca/Si ratios. A fundamental premise of the present hypothesis is that a given Ca/Si ratio can arise from more than one ionic constitution. C-S-H with a Ca/Si ratio of 0.8, for example, can increase its Ca/Si ratio through (1) omission of bridging silicate tetrahedra with or without substitution of interlayer Ca, (2) increase in interlayer Ca balanced by loss of protons from Si-OH groups, (3) increase in Ca balanced by OH (i.e., Ca-OH), or (4) various combinations of these. Thus, in the range of Ca/Si ratio above ~ 1 with which we are most concerned, a given Ca/Si ratio can theoretically be achieved by a combination of small mean chain length (i.e., many missing bridging tetrahedra) and low Ca-OH content, or by a high mean chain length (i.e., more bridging tetrahedra) and high Ca-OH content.
Hypothesis for structural variations in C-S-H at high Ca/Si ratios.
It is proposed here that, at a given Ca/Si ratio, C-S-H has a high mean chain length and a high Ca-OH content when equilibrated with aqueous solution on a curve such as C and progressively lower mean chain lengths and Ca-OH contents when equilibrated on curves with progressively lower Si concentrations such as C', C", and A.
Support from mean silicate chain lengths.-The 29 Si NMR results presented in Figure 7 provide direct support of the above hypothesis since, at a given Ca/Si ratio, the mean silicate chain lengths of solids from the C 3 S group that equilibrated on curve C were consistently higher than those of solids from the double decomposition group that equilibrated on C". The literature suggests an even lower degree of polymerization in solids equilibrated on curve A. For example, Brown et al. [77] measured solubility during the first 4h of C 3 S hydration and produced data exclusively on curve A; since 29 Si NMR studies [50, [85] [86] [87] have shown that the first C-S-H product after the induction period is dimeric, the mean chain lengths associated with solids equilibrated on curve A must be low, most likely reaching a minimum value of 2 at CH saturation. This conclusion is supported from a 29 Si NMR study [88] , which showed that the mean silicate chain lengths in double decomposition-derived C-S-H specimens with nominal Ca/Si ratios of 0.79-1.5 were 2.8-2.2. These mean chain lengths are correspondingly lower than those of the double decomposition group reported here, and since the products of double decomposition appear to equilibrate only along curves A or C'' with a maximum Ca/Si ratio of 1.5 (Table 6 ), the data appear to indicate again that the mean chain length in solids equilibrated on curve A are limited to the minimum value of 2 at CH saturation.
Charge balance calculation for Ca-OH.
The central hypothesis here is that the point at which the aqueous concentrations depart from curve A onto, for example, curve C coincides with the change from incorporating Ca in interlayer sites along curve A to incorporating Ca in Ca-OH sites along curve C. Therefore, for the curves depicted in Figure 10 , Ca-OH bonds first appear in C-S-H at the points of intersection of curve A with curves C, C', and C". The Ca/Si ratio at these points is shown below by a charge balance calculation to correspond to the minimum Ca/Si ratio at which Ca-OH must form. This calculation (derived in Appendix A) is a generalization of that performed by Cong and Kirkpatrick [3] and is similar to the approach by Richardson and Groves [89] . The main assumption is that a single dreierketten structure with a variable mean chain length, l, is present. Since a distribution of chain lengths is possible, the mean chain length is not restricted to the (3n-1) values expected for a fragmented dreierketten, and its numerical value need not be integral. The silicate anions in the dreierketten can be balanced by protons or Ca, and evidence from IR spectroscopy [12] and 29 Si NMR [3] suggest that, with increasing Ca/Si ratio, all protons in Si-OH groups are replaced with interlayer Ca before additional Ca (in excess of that required to balance silicate anions) is introduced as Ca-OH. These mechanisms therefore suggest that Si-OH and Ca-OH groups do not coexist, and at the points of intersection in Figure  10 between curve A and the family of curves related to C, it is proposed that neither is present. Given these assumptions, the general formula for C-S-H at the points of intersection is Ca 6 (Si 6-x O 18-2x ) ·nH 2 O (referred to 6 tetrahedral sites), where x need not be integral; the Ca/Si ratios at the points of intersection are (l+1)/l, where l is the mean chain length (see Appendix A). The Ca/Si ratios computed for several mean chain lengths in Table 5 correspond to the minimum Ca/Si above which Ca-OH must form. These values agree with the experimentally measured Ca/Si ratios and mean chain lengths found at the points of intersection in Figure 10 : for example, sample 3b * (the closest to the intersection of curves A and C) showed a mean chain length of 5.0 and a Ca/Si ratio of 1.22, the latter thus agreeing with the computed value of 1.20 (Table 5) ; sample 6b * (the closest to the intersection of curves A and C") showed a mean chain length of 2.9 and a Ca/Si ratio of 1.28, the latter agreeing with the computed value of 1.33. Further support is found in solids equilibrated at the intersection of curve A and the CH solubility curve, where the literature suggests a mean chain length of 2 (Section 5.2) and a Ca/Si ratio of 1.5 (Table 6) ; these values coincide with the calculation (Table 5) . The above agreements therefore support our association of solubility curves C, C', and C" with the occurrence of Ca-OH bonds in C-S-H.
Metastable phase boundaries.-As noted above, since a distribution of chain lengths may exist [90] , the mean silicate chain length in C-S-H need not be integral; the Ca/Si ratios computed in Table 5 are thus merely an arbitrary selection. In principle, an infinite number of combinations of mean silicate chain length and Ca/Si ratio could be present at the points of intersection of curve A with a curve similar to C, which would imply (according to our hypothesis) an infinite number of solubility curves at high Ca concentration. The fact that the data in Figure 10 excluding those following curve B show only 4-5 curves either suggests that the distributions in chain length are restricted in some way or that agreements among different data sets on a single curve (e.g., curve C") are fortuitous. Despite this uncertainty, the calculations in Table 5 suggest metastable phase boundaries. At one extreme, when the mean chain length is a minimum of 2 and the Ca/Si ratio is 1.5 at CH saturation, a C-S-H phase equilibrates exclusively along curve A while maintaining a purely tobermorite-like structure (i.e., one with no Ca-OH). At the other extreme, when the mean chain length is infinitely long at an intersection point, Ca-OH bonds will form at the minimum Ca/Si ratio of 1; this establishes what may be called curve C 0 , the solubility curve with the highest Si concentrations, which relates to a C-S-H phase of maximum Ca-OH content. All other metastable C-S-H phases with intermediate mean chain lengths and Ca-OH contents would be expected to fall between curves A and C 0 . The curve suggested by the data of Grutzeck et al. [17] ( Figure   10 ) may approximately correspond to curve C 0 . Ca-OH content.-For curves C, C', C", and A, the above interpretation implies that the highest Ca-OH content in C-S-H is found on curve C and progressively lower values on C', C", and finally A. This can be checked by a charge balance calculation if it is assumed (as above) that the Ca-OH content represents the Ca in excess of that required to solely charge balance the silicate anions (i.e., Si-OH are assumed absent). Thus, the Ca-OH content (i.e., the fraction of Ca in C-S-H balanced by OH) can be expressed as
. Using this expression and the data in Table 4 , it is seen that the Ca-OH content is higher for solids on curve C than on curve C": for example, at CH saturation, the fraction of Ca balanced by OH is ~ 25% in C-S-H gel (from C 3 S paste) on curve C and 4-5% in C-S-H (from double decomposition) on curve C". The value for C-S-H gel from the 8-month hydrated C 3 S paste agrees with the 23% value measured directly by inelastic neutron scattering [36] , thereby giving some validation for the assumption of zero Si-OH content. Moreover, since the Ca/Si ratio in C-S-H gel remains essentially constant with age at 1.8 [29] , and since the mean chain length ultimately converges to a value of 5 [58, 86] the above expression also expects that the Ca-OH content in C-S-H gel eventually reaches 33%, the theoretical value for jennite.
Spectrum of C-S-H structures.-If it is assumed that Ca-OH bonds in C-S-H occur in the main Ca-O layer as in jennite, a high Ca-OH content would be expected to encourage the formation of a jennite-like structure [1] (see arguments in Section 1.3). Thus, the above results suggest a spectrum of C-S-H structures, ranging from a purely tobermorite-like structure on curve A to a largely jennite-like structure on curve C (and C 0 ). Moreover, the equilibration of C-S-H gel from C 3 S paste on curve C gives additional evidence [32] that the structure of C-S-H gel at late times is more closely jennite-like than tobermorite-like. In contrast, the equilibration of double-decomposition derived C-S-H on curve C" suggests a closer resemblance to 1.4-nm tobermorite.
Variations in Ca/Si ratio of C-S-H at CH saturation.
A long-standing conundrum in the CaO-SiO 2 -H 2 O system at room temperature is the cause of the variation in published values of the Ca/Si ratio of C-S-H equilibrated with aqueous solution saturated with CH. Steinour [46] cites values ranging from 1.3-2, and Table 6 gives a selection of these, with some obtained more recently. Except for preparations made by double decomposition, for which all the data indicate a Ca/Si ratio near 1.5 (Table  6) , there is no apparent relation to the method of preparation, and no adequate explanation has been offered.
Evidence presented in earlier sections indicate that Ca/Si ratios near 1.5 at CH saturation arise from structures devoid of Ca-OH and are thus mainly or wholly based on 1.4-nm tobermorite. It is hypothesized that higher Ca/Si ratios at CH saturation are present in structures with varying proportions of Ca-OH, perhaps depending on the extent to which Ca-OH is segregated into regions of jennite-like structure. For the curves present in Figure 10 , higher Ca/Si ratios would thus be expected to be associated with curve C, lower ones with curve A, and intermediate values in between; although scatter exists, the data in Table 6 are largely consistent with these expected trends.
Some of the scatter in Table 6 may possibly be attributed to higher preparation temperatures. Fujii and Kondo [78] have shown in preparations of C-S-H from double decomposition that the Ca/Si ratio at CH saturation can reach 1.87 if reacted at 50 ºC but only ~ 1.5 at 20 ºC. This result may thus account for why the C-S-H of Greenberg and Chang [52] prepared from CH and SiO 2 at 50 ºC (and equilibrated at 25 ºC) reached a value of 1.75 on curve C", while other preparations on the same curve reacted between 22-30 ºC ( [76] , double decomposition in this study) only reached a maximum of ~ 1.5.
Differences between synthetic C-S-H and C-S-H gel.
The family of solubility curves in Figure  10 highlights the structural diversity of C-S-H. At CH saturation, for example, the structure of C-S-H can be tobermorite-like with a Ca/Si ratio of 1.5 if equilibrated on curve A and jennite-like with a Ca/Si ratio of 1.8 if equilibrated on curve C. Although the precise conditions under which these structures form is yet determined, it seems impossible to form much Ca-OH in C-S-H made by double decomposition at room temperature, for which the Ca/Si ratio is therefore limited to ~ 1.5, and it appears generally difficult to form much Ca-OH in C-S-H from lime and silica or from C 3 S reacted in dilute aqueous suspension; 'synthetic' C-S-H preparations such as these thus tend to form tobermorite-like phases that equilibrate near curve A. In contrast, C-S-H gel in C 3 S pastes has a high Ca-OH content [36] and invariably obtains a high Ca/Si ratio of 1.8 when coexisting with portlandite [24] [25] [26] [27] [28] [29] [30] [31] ; C-S-H gel thus tends to jennite-like phases that equilibrate near curve C. These trends therefore suggest that the structures of synthetic C-S-H and C-S-H gel from C 3 S pastes are generally (but not always) distinct. Moreover, it may be misleading in some instances to extrapolate conclusions about the nanostructure of C-S-H gel from data on synthetic C-S-H, especially those produced from double decomposition. For greater insight into the structure of C-S-H gel, it appears more appropriate to analyze single-phase, homogeneous specimens prepared by the decalcification/recalcification of C 3 S pastes as done here; further details on this preparation procedure are given elsewhere [57] .
Conclusions
New phase equilibrium results and a reassessment of published data demonstrate the existence in the CaO-SiO 2 -H 2 O system at room temperature of a family of solubility curves designated here as curves C, C', C", and A ( Figure 10) ; additional curves may be present. Since these curves were reversibly approached from the decalcification of a high Ca/Si solid and the recalcification of a low Ca/Si solid, and since these curves were shown by 29 Si NMR and charge balance calculations to be associated with solids having distinct structures at a given Ca/Si ratio, it was concluded that the family of curves represent solubilities for a spectrum of metastable C-S-H phases. Specific points are summarized below.
1. When C-S-H and an aqueous phase are in equilibrium at constant temperature and pressure, the Gibbs phase rule predicts that this 3-component system has 1 degree of freedom, a mole fraction in either phase. Thus, a solubility curve that is established when plotting aqueous Ca and Si concentrations against each other is associated with a single C-S-H phase. 2. C-S-H with solubilities following exclusively curve A up to saturation in CH lack Ca-OH and thus have structures based purely on 1.4-nm tobermorite. At CH saturation, these structures have a Ca/Si ratio of 1.5 and a minimum mean chain length of 2. 3. The departures in solubility from curve A onto curves C, C', and C" are due to the formation of Ca-OH bonds in C-S-H. Assuming that Si-OH and Ca-OH do not coexist in C-S-H, the Ca/Si ratios at which these departures occur can be expressed as (l+1)/l, where l is the mean chain length; these values correspond to the minimum Ca/Si ratios above which Ca-OH bonds must form. For C-S-H gel from C 3 S paste, the formation of Ca-OH occurred at the intersection of curves A and C when the mean chain length was 5 and the Ca/Si ratio 1.2. 4. The mean silicate chain length and the Ca-OH content of C-S-H can vary at a given Ca/Si ratio. For solids associated with curves C, C', C", and A, the highest mean chain lengths and Ca-OH contents at given Ca/Si ratio above 1.2 are found along curve C, and progressively lower values are found on C', C", and finally A. Assuming the absence of Si-OH, the Ca-OH content (i.e., the fraction of Ca balanced by OH) can be expressed
. At CH saturation, the Ca-OH content was ~ 25% for C-S-H gel (from C 3 S paste) on curve C and 4-5% in C-S-H (from double decomposition) on curve C". 5. The Ca/Si ratios at CH saturation are variable and are believed to be proportional to the Ca-OH content in C-S-H. This conclusion thus accounts for the discrepancy between the 1.8 value shown by C-S-H gel from C 3 S paste and the 1.5 value shown by C-S-H from double decomposition. Broad variations in Ca/Si ratio found at CH saturation in the literature may also be reconciled. 6. Assuming that high Ca-OH contents are accommodated by a jennite-like conformation, the family of solubility curves represents a spectrum of metastable phases, ranging from a purely tobermorite-like structure on curve A to a largely jennite-like structure on curve C. At CH saturation, C-S-H can therefore resemble either 1.4-nm tobermorite or jennite. 7. The structures of synthetic C-S-H (i.e., from aqueous suspension) and C-S-H gel from C 3 S pastes are generally (but not always) distinct. For greater insight into the C-S-H gel structure, it thus appears more appropriate to conduct studies on single-phase specimens obtained directly from C 3 S pastes.
Appendix A: Charge balance calculation for the presence of Ca-OH in C-S-H
The charge balance calculation in Table 5 calculates, as a function of mean silicate chain length, the Ca/Si ratio above which Ca-OH must be present in C-S-H. This calculation is a generalization of that performed by Cong and Kirkpatrick [3] and is similar to the approach by Richardson and Groves [89] . The derivation is as follows. Tables 2 and 3 for further details on symbols. Figure 10 . Published solubility data in the CaO-SiO 2 -H 2 O system at room temperature. Unfilled points refer to equilibria associated with metastable C-S-H phases; filled points refer to equilibria occurring during the early hydration of C 3 S. Ca/Si ratios of selected solids are noted, and those in parenthesis denote samples containing C-S-H and CH. Current study -Mature C 3 S paste 1.8 C a Although the lower value is often cited, XRD showed evidence near 20 mM Ca for a single-phase C-S-H sample with Ca/Si = 1.7-1.8. Some of the Ca/Si ratios determined from the initial and final concentrations in solution also suggest values higher than 1.3. 
